Intervertebral disc regeneration strategies based on stem cell differentiation in combination with the design of functional scaffolds is an attractive approach towards repairing/regenerating the nucleus pulposus. The specific aim of this study was to optimise a composite hydrogel composed of type II collagen and hyaluronic acid (HA) as a carrier for mesenchymal stem cells. Hydrogel stabilisation was achieved by means of 1-ethyl-3(3-dimethyl aminopropyl) carbodiimide (EDC) and Nhydroxysuccinimide (NHS) cross-linking. Optimal hydrogel properties were determined by investigating different concentrations of EDC (8mM, 24mM and 48mM). Stable hydrogels were obtained independent of the concentration of carbodiimide used. The hydrogels crosslinked by the lowest concentration of EDC (8mM) demonstrated high swelling properties. Additionally, improved proliferation of seeded rat mesenchymal stem cells (rMSCs) and hydrogel stability levels in culture were observed with this 8mM cross-linked hydrogel. Results from this study indicate that EDC/NHS (8mM) cross-linked type II collagen/HA hydrogel was capable of supporting viability of rMSCs, and furthermore their differentiation into a chondrogenic lineage. Further investigations should be conducted to determine its potential as scaffold for nucleus pulposus regeneration/repair.
Introduction
Neck and low back pain are the two most common causes of job-related disability with significant associated social and economic costs accounting for total annual direct healthcare costs estimated at between $50 to $90 billion each year in the USA (Fritz et al., 2008) . Low-back pain specifically affects 1,000,000 workers annually and is responsible for more lost workdays than any other musculoskeletal injuries (Frymoyer and Cats-Baril, 1991) . These pathologies are strongly associated with degeneration of the intervertebral disc (IVD) (Urban and Roberts, 2003) . Disc degeneration disease (DDD) is defined as "an aberrant cell mediated response to progressive failure" (Adams and Roughley, 2006) . Most prevalent treatment modalities associated with DDD involve conservative methods including physiotherapy, drugs, and surgical interventions such as total disc or nucleus pulposus replacement and interbody fusion (Fritz et al., 2008; Strine and Hootman, 2007) . However, tissue engineering strategies offer many advantages in the treatment of these spinal problems. Many forms of biomaterials have been investigated as scaffolds (i.e. alginate (Baer et al., 2001) , chitosan (Roughley et al., 2006; Wan et al., 2008) , type II collagen/ aggrecan/ hyaluronan (Halloran et al., 2008) , fibrin/ hyaluronan (Stern et al., 2000) , PLLA-hyaluronan nanofibres (Nesti et al., 2008) ) all of which serve as potential cell carriers for treatment of the NP.
IVDs are cartilaginous-like, articulating structures that lie between the vertebral bodies. These composite structures provide flexibility and integrity to the spinal column allowing controlled movement (flexion, extension and torsion) (Roberts et al., 2006; Urban and Roberts, 2003) . The discs are heterogeneous tissues composed of three main parts. In the centre of the disc is present the nucleus pulposus (NP) a highly hydrated gel-like structure surrounded by a thick outer ring of fibrous tissue, the annulus fibrosus (AF). The last part, the cartilage end-plate, is a thin layer of hyaline cartilage at the interface of the disc and both vertebrae. Type II collagen is one of the main extracellular matrix (ECM) components of NP tissue. This structural protein forms a random fibril mesh-like framework that immobilises proteoglycans (PGs) and hyaluronic acid (HA) within the tissue (Cassinelli et al., 2001; Eyre et al., 2002; Humzah and Soames, 1988; Roberts et al., 1991) . Maintenance of tissue hydration through the osmotic pressure is provided by the high local concentration of negatively charged PGs (i.e. chondroitin and keratan sulphate chains) (O'Halloran and Pandit, 2007; Urban and Roberts, 2003) . In combination with HA and core proteins, aggrecan forms large, water-imbibing aggregates which are crucial for the biomechanical functionality of the disc (Hunter et al., 2003) .
HA is a mucopolysaccharide found in various types of tissues. Its immunoneutrality makes it a biomaterial of choice for tissue engineering and drug delivery applications (Richardson et al., 2006) . However, polymers based on only HA are susceptible to relatively fast degradation times by hyaluronidase in vivo (Maleki et al., 2007; Rooney and Kumar, 1993) . In an effort to improve degradation resistance properties, HA was linked to type II collagen fibrils in order to form a suitable hydrogel for NP regeneration. However, the relatively poor mechanical strength and weak resistance to degradation of the noncross-linked collagen molecules themselves (O'Halloran et al., 2006) have led to the need for further stabilisation of these hydrogels.
Carbodiimides are members of a family known as "zero length" protein cross-linking reagents which promote the formation of covalent cross-links between reactive sidegroups of amino acids without actually being incorporated within the cross-link (Gratzer and Lee, 2001 ). An example of carbodiimide is 1-ethyl-3(3-dimethyl aminopropyl) carbodiimide (EDC). EDC stimulates carboxylic acid groups of glutamic or aspartic acid residues to react with amine groups of other chain producing amide bonds (Taguchi et al., 2002) . In contrast to conventional chemical agents such as glutaraldehyde, carbodiimides have not been shown to cause any cytotoxicity because of the nonincorporation of this agent within the amide bonds (Cao and Xu, 2008 ). The addition of N-hydroxysuccinimide (NHS) during the EDC cross-linking reaction has been shown to increase yields and decrease side reactions (Nakajima and Ikada, 1995) .
In this study, our approach was based on the use of type II collagen and hyaluronan (9:1 w/w respectively) in order to produce a hydrogel which mimicked the ratio of these constituents observed in native NP tissue (Halloran et al., 2008) . In order to stabilise the composite collagen/ HA hydrogel, the carbodiimide agent, EDC associated with NHS was used. The overall goal of this work was to develop a hydrogel which could function as a carrier for MSC delivery into the NP, as a potential therapy for degenerated IVDs. The specific first aim of this study was, to optimise the concentration of EDC/NHS required to produce a stable type II collagen/HA hydrogel. The second aim was to investigate the viability, proliferation and distribution of MSCs seeded within these hydrogels.
Materials and Methods

Materials
All materials and reagents used in this study were purchased from Sigma Aldrich Ltd. (Dublin, Ireland) unless otherwise stated.
Fabrication and cross-linking of type II collagen-HA hydrogels
Type II collagen was extracted from bovine foetal calf legs obtained from Tyson Foods, IBP Fresh Meats division (Memphis, TN, USA), using pepsin treatment and salt precipitation, as previously described (Barnes et al., 2007) . The collagen solution was lyophilized at -40 o C and kept at -20 o C for application.
Type II collagen was dissolved in 0.05M acetic acid at a final concentration of 5mg/ml, and stored at 4 o C with gentle rocking. HA from umbilical cord (high molecular weight; 200-750kDa) was dissolved in 1X Dulbecco's Modified Eagles Medium (DMEM) complemented by 0.4M NaCl at 1.57mg/ml. Type II collagen/HA hydrogel was used following the weight ratio 9:1. The pH of the mixture solution was adjusted to pH 7.4 by the addition of 1M NaOH aqueous solution and phosphate-buffered saline 5X (PBS). The viscous solutions were incubated at 37 o C overnight to allow the natural gelation of the structure. Different ratios of EDC/NHS (8, 24, 48mM) were used for cross-linking. After addition of the cross-linker, hydrogels were incubated overnight at 37 o C. The crosslinked hydrogels were washed twice, 24 hours each, with 0.4M sodium chloride at 4 o C in order to remove the residual EDC (Taguchi et al., 2002) .
Infrared spectroscopy
Fourier-transformed infrared (FTIR) spectroscopy was used to confirm ester bond formation between hyaluronic acid and type II collagen of non-cross-linked and EDC/ NHS cross-linked hydrogels. Spectra were obtained with a Shimadzu FTIR-8600 (Shimadzu, Kyoto, Japan).
Differential scanning calorimetry (DSC)
Shrinking temperature of the samples was determined using a DSC instrument (DSC-60, Shimadzu). Samples of 5-8 mg were immersed in PBS (1X) for 5 hours at 4 o C. The wet samples were wiped with filter paper to remove excess PBS and hermetically sealed in aluminium pans. Hermetic pans containing air were used as reference. Heating from 25 to 100 o C at a constant rate of 5 o C/min in air atmosphere was applied and the endothermic peak of each thermogram was monitored. L Calderon et al. Collagen-hyaluronan hydrogel Swelling test Non-cross-linked hydrogels and hydrogels cross-linked by different ratios EDC/NHS (8, 24 and 48mM) were immersed in 0.4M NaCl aqueous solution at 4 o C for 1 hour (Gratzer and Lee, 2001) . After removal of the NaCl solution, the hydrogels were held over a filter paper until no further dripping water was observed and then weighed. The swelling ratios of the resulting scaffolds were determined using equation (1):
where W o and W d refer to the weight of swollen and dried hydrogels respectively (Taguchi et al., 2002) .
HA release
The level of HA released from the cross-linked hydrogels into the eluent after washing was measured (wash 1 and wash 2) just after gel formation using an Enzyme-linked Immunosorbent Assay (ELISA). The antigen (HA) was incubated overnight at 4°C in an Immuno 96 Microwell TM plate (Nunc, Rochester, NY, USA). After 3 washes with PBS (1X) 0.05% Tween 20, the plate was incubated with a solution of PBS (1X) containing 5% of milk overnight at 4°C. After three washes, samples were incubated overnight at 4°C with the primary antibody for hyaluronic acid (Abcam, Cambridge, UK) diluted by a factor of 1,000. After three washes, secondary antibody diluted by a factor of 1,200 coupled with biotin was incubated for 1 hour at room temperature. After three washes, a solution of streptavidin (R&D Systems, Minneapolis, MN, USA) diluted by a factor of 200 was added. After 20 minutes of incubation at room temperature, the reaction solution was applied and incubated for 20 minutes in contact with the antibodies. After addition of the stop solution, the absorbance was read at 450 nm and 550nm. The concentration of HA released was determined by comparing the fluorescent readings of the samples to a HA concentration standard curve.
Degradation by collagenase
The hydrogels were incubated for 1 hour in 0.1M Tris-HCl (pH 7.4), containing 50mM CaCl 2 at 37 o C. Subsequently, bacterial collagenase (extracted from Clostridium histolyticum) reconstituted in 0.1M Tris-HCl at a concentration of 10U was added. After incubation for 48 hours at 37 o C, the enzymatic reaction was stopped by the addition of EDTA (0.25M). After centrifugation (4,000 rpm, 5min, 4 o C), precipitates were washed 3 times with distilled water and lyophilized. Mass loss was calculated by comparing the initial mass W o with the mass measured at a given time point W t , as shown in equation (2):
Mechanical testing
Confined compression characterisation of the hydrogels was carried out using a confined compression apparatus designed to be compatible with the fittings of the Dynamic Mechanical Thermal Analyser TM 2980 instrument (DMTA TM 2980; TA Instruments, AGB Scientific Ltd, Dublin, Ireland). Briefly, the apparatus was comprised a 10mm diameter confining chamber made from polytetrafluorethylene (PTFE; Dawn Lough Ltd. Galway, Ireland), with a rigid porous polyethylene (Bel-Art Products, NJ, USA) base plate (pore size ranging between 20-90μm). The upper plate (PTFE) was attached to the DMTA TM 2980, which was used to apply the loading forces.
Samples of 12mm thickness and 5mm diameter were used for measurement. A tare load of 0.025N was used and the samples were loaded at a constant force rate of 0.5N/minute up to a maximum 18N at room temperature. For each run, the stress and strain were calculated and a graph of the same was plotted. Values of the modulus of elasticity (E) were calculated as a ratio of the stress and strain in the linear region of the curves ( Perie et al., 2005; Cloyd et al., 2007; O'Halloran and Pandit, 2007; ) .
Evaluation of the porosity of hydrogels by scanning electron microscopy
The morphology of non-cross-linked and cross-linked hydrogels in the dry condition were observed under a Hitachi Scanning Electron Microscope (S-4700, Hitachi-Hisco Europe GmbH, Berkshire, UK). All samples were mounted on carbon pads attached to aluminium stubs and gold coated (Emitech K550 Sputter Coater, Emitech Limited, Ashford, Kent, UK.). The porosity of the constructs was calculated after freeze-drying them at -20 o C in order to remove all liquid content inside the hydrogels. The porosity was evaluated using the area analysis of the area of the pore zone and the matrix zone (Garcia et al., 2007) . A manual mode of the image analyser program (Image-Pro, Media Cybernetics, Bethesda, MD, USA) was used to measure the zones with arbitrary shapes.
Characterisation of cell-seeded hydrogel
Cell source and seeding. For this study, MSCs were isolated as reported previously by Neuhuber et al. (Neuhuber et al., 2004) . Briefly, bone marrow was flushed from femurs and tibiae from 8-12-week-old female F-344 rats with MSC growth medium (44.5% α-minimal essential medium/44.5% Ham's F-12 medium (Gibco, Invitrogen; Dun Laoghaire, Ireland)) containing 10% foetal bovine serum and 1% antibiotic/antimycotic solution (Gibco). The bone marrow cells were resuspended, centrifuged, plated, and grown in MSC growth medium. The mesenchymal cell population was isolated on the basis of their adherence to plastic, and the non-adherent hematopoietic cells were removed by regular changes in media. When cells became confluent, the cells were detached with 0.25% trypsin-EDTA and then seeded at 5,500 cells per cm², passaged they reached 90% confluence. Expression of MSC cell surface markers (CD3, CD19, CD34, CD45, CD106, CD29, CD73, CD90, and CD105) was characterized by flow cytometry. The cells were routinely grown in αMEM/ F12-Ham medium supplemented with 10% foetal bovine serum (FBS) and 1% Penicillin/Streptomycin (P/S). The medium was changed every 2-3 days. Cells were subcultured weekly using trypsin/EDTA and maintained at 37°C in a humidified atmosphere of 5% CO 2 . After 6 L Calderon et al.
Collagen-hyaluronan hydrogel passages, the cells were split and 50,000 cells were injected into the hydrogels at different sites. Cells were cultured for seven days at 37°C in a humidified atmosphere of 5% CO 2 . The medium was changed every 2-3 days.
Cell viability. Cell viability was measured using the AlamarBlue TM (BioSource ® International, Invitrogen, Dun Laoghaire, Ireland) cell metabolic assay. This assay was performed at the following time-points, day 1 and day 7. Monolayer culture (TCP) and non-washed hydrogels were used as positive and negative controls, respectively. Hydrogels and tissue culture plastic were washed with Hank's Balanced Salt Solution (HBSS) for 15 minutes. AlamarBlue TM diluted by a factor of 10 in HBSS was added to each well. The cell metabolic study (AlamarBlue TM ) assay was performed using manufacturer's instructions. This assay has been shown to be effective in different cells types included stem cells (Ovcharenko et al., 2005) . After 1.5 hours of incubation, the absorbance of each sample was measured in a 96-well plate at wavelengths of 550 and 595nm using a microplate reader (VICTOR3 V™ Multilabel Counter, PerkinElmer BioSignal Inc, Montreal, Canada). The percentage of AlamarBlue TM reduction was calculated using a correction factor R O as indicated by the supplier. Briefly, Ro the correction factor was calculated by dividing the absorbance of the oxidized form at lower wavelength (AO LW ) by the oxidized form at higher wavelength (AO RW ). (R O =AO LW /AO HW ). The percentage of reduction was then calculated according to equation (3):
Cell proliferation
Hydrogels were digested overnight at 56°C by 0.5mg/mL of proteinase K. PicoGreen ® Assay (Invitrogen, Dun Laoghaire, Ireland) was used in accordance with the instructions provided by the supplier. The DNA content of the samples was quantified by interpolating values from a linear standard curve.
Cell distribution
Cell distribution inside the hydrogels was determined by confocal laser scanning microscopy. The samples were fixed with a solution of 4% paraformaldehyde / 2% sucrose overnight at 4°C, then incubated in a permeabilising solution consisting of 0.2% Triton-X for one hour. The samples were stained with rhodamine-phalloidin (Invitrogen) for 20 minutes to obtain structural staining (microfilament staining), then with ToPro3 (Invitrogen) for 10 minutes to obtain nuclear staining at room temperature. Constructs were imaged using a confocal microscope with a multiphoton laser source.
Evaluation of rMSCs differentiation into chondrocyte-like cells within the hydrogel
Cross-linked 8mM EDC/NHS type II collagen/HA hydrogels were seeded as previously described at a concentration of 50,000 cells into the hydrogels. Two groups were cultured with (1) αMEM/F12-Ham medium supplemented with 10% FBS and 1% P/S (2) αMEM/F12-Ham medium supplemented with 50nM ascorbic acid, 10ng/mL TGF-β1 and 6.25μg/mL ITS (Insulin (6.25μg/ ml) Transferrin (6.25μg/ml) Selenite (6.25ng/ml) 
Results
Characterisation of type II collagen/HA hydrogels Infrared spectroscopy. Infrared spectrometry was used to determine the chemical modification of type II collagen/ HA during cross-linking. Figure 1 shows FT-IR spectra obtained for the different types of cross-linked type II collagen/HA hydrogels. With increasing EDC/NHS concentration, the formation of amide bonds (1650cm -1 ) and ester bonds (1025cm -1 ), and the diminution of carboxyl and amine free groups (3100-3500cm -1 ) were observed. Furthermore, a decrease of symmetric stretching band of carboxylate salts (1450cm -1 ) was also observed. Fig. 7 . DNA content present in the hydrogel after 1 and 7 days of culture. A non cross-linked type II collagen/HA and a tissue culture plastic culture were used as controls. Data represent mean ± standard error (n=3). Similar symbols denote statistical difference between the different groups (t-test 0.05%). Differential scanning calorimetry. The shrink temperature (T g ) of type II collagen/HA hydrogels stabilised by different concentrations of EDC/NHS are presented in Figure 2 . Non-cross-linked type II collagen/ HA hydrogel has a T g of 52.39 ± 0.22 o C. The T g of EDC/ NHS-cross-linked collagen/HA hydrogels increased to +71.76 ± 0.43°C and +75.44 ± 0.08°C for concentrations of 8mM and 48mM respectively. No significant differences were seen in the shrink temperatures between the EDC/ NHS cross-linked samples. Furthermore, glutaraldehyde (GTA) cross-linking showed a comparable increase in the shrink temperature to +76.76 ± 0.04°C. The results indicate that EDC/NHS cross-linked scaffolds increased the shrink temperature.
Swelling test. Swelling properties of the different types of hydrogels were evaluated by the measure of the relative water uptake (Fig. 3 ). Non-cross-linked hydrogel showed a relative water uptake of 261.46 ± 3.74 %. Increase EDC/ NHS concentration (8mM, 24mM, 48mM) decreased the swelling properties respectively (186.94 ± 13.95 %, 76.67 ± 4.71 %* and 14.48 ± 1.68 %*). * denotes a significant difference between the different groups.
HA release. HA release from the hydrogels was quantified by ELISA. Between 30 and 40% of the initial concentration of HA was lost following these steps (33.7 ± 4.12 % for 8mM, 38.2 ± 1.13 % for 24mM and 34.1 ± 3.05 % for 48mM) (Fig. 4) . No significant differences in the release of HA were noted between the three different cross-linked hydrogels.
Degradation by collagenase. The results are shown in Table 1 as percentages of degraded EDC/NHS cross-linked collagen/HA hydrogels relative to non-cross-linked hydrogels. Hydrogels cross-linked with EDC/NHS revealed only a partial degradation (2%) after 48h of collagenase treatment compared with non-cross-linked hydrogels (34%).
Mechanical testing. Table 2 shows an increase in compressive modulus at 20% strain from 27.6 ± 6.5 to 171.9 ± 27.89 kPa which indicates that cross-linking with EDC/NHS increased the modulus approximately six times that of the non-cross-linked hydrogels. Non-cross-linked hydrogels were mechanically weaker than the cross-linked hydrogels.
Scanning electron microscopy. Non-cross-linked and cross-linked type II collagen/HA hydrogels 8, 24, 48mM of EDC/NHS show a mean pore size of 196.75 ± 2.01, 164.5 ± 2.22, 91.5 ± 1.45 and 79.1 ± 1.24 μm, respectively ( Fig. 5) . A significant decrease was noted when the EDC concentration was increased (R 2 = 0.94) (p<0.05).
Characterisation of cell-seeded hydrogel Cell viability
The metabolic activity of rMSCs seeded within the hydrogels was evaluated using the AlamarBlue TM assay. This activity is correlated with the viability of the cells present inside the hydrogel. Nonwashed EDC/NHS hydrogels were used as negative control. However, cells were dead due to the toxicity of the cross-linker and no cell activity was observed. A significant difference of activity was observed at day 1 between the hydrogel cross-linked by of the couple EDC/ NHS and the non-cross-linked hydrogels. After 7 days in culture, complete degradation of the non-cross-linked hydrogel was due to the instability of collagen in culture medium (Sakai et al., 2006) . Hence no data for this time point is reported. No significant difference was observed between the cross-linked hydrogel 8mM and the control (tissue culture plastic (TCP)) for this time point. However, a significant difference was seen between 8mM crosslinked hydrogel and the control, and the 24mM and 48mM Compressive stress (kPa) and compressive modulus values of confined system at 20% strain. Data represents mean ± standard error (n=3). Significant differences were observed between 0mM (*) and all other groups and between 8mM (∇) and all the rest of the groups (p<0.05). cross-linked hydrogels. Cell activity was observed to increase after 7 days of culture for cross-linked hydrogels 8mM and 48mM. Nevertheless, a decrease of activity was observed for the cross-linked hydrogel 24mM (Fig. 6 ).
Samples
Cell proliferation. The level of rMSC proliferation was examined after 7 days of culture for each type of hydrogels. No significant difference in DNA content was observed between the cross-linked hydrogels 8 and 24mM EDC/ NHS and the control (tissue culture plastic) after 1 day in culture. DNA content was lower than in the non-crosslinked hydrogel group as well as for the cross-linked hydrogel 48mM after 1 day and 7 days in culture. The highest cell number was observed after cross-linking with 8mM than with 24 and 48mM after 7 days (Fig. 7) .
Cell distribution Cell distribution inside the hydrogel after 7 days in culture was observed by confocal microscopy. Cells proliferated, independent of the cross-linker concentration, in every plane which confirmed the homogenous distribution of cells inside the hydrogel (Fig.  8B) . A cell confluence after 7 days was noted in the hydrogels which confirmed the observation following the proliferation study (i.e. cell proliferation between 1 and 7 days in culture (Fig. 8 ). However, a difference of proliferation rate was seen between the hydrogels crosslinked with 8 and 48mM (data not shown).
rMSCs gene expression after 21 days in culture.
Immediately after seeding, differentiation medium was added. Cells were cultured in the hydrogels in presence and absence of differentiation medium. Monolayer cultures were used as control and data were normalised relative to non-treated monolayer cells. An increase of aggrecan mRNA expression was observed after culture into the hydrogel in complete medium (26.0 ± 5.54-fold). However, type II collagen expression was not induced by this type of culture. Type I collagen was maintained low. After induction by differentiation medium, type II collagen expression increased 59.1 ± 8.87-fold, as much as the induced-monolayer culture (54.1 ± 8.93-fold). A high expression of type II collagen was observed after culture in pellet (519.3 ± 71.04-fold). Type I collagen expression was maintained low after induction of differentiation into the hydrogels (1.5 ± 0.24-fold) and after culture in pellet (2.2 ± 0.51-fold) whereas after induction of differentiation in monolayer the expression increased 11.3 ± 2.92-fold. Aggrecan production was significantly higher in rMSCs that were cultured in three dimensions in presence and absence of differentiation medium in the hydrogel (respectively, 84.8 ± 8.16 and 26.1 ± 5.54-fold) and after culture in pellet (16.8 ± 4.4-fold) compared to monolayer culture in the presence of differentiation medium (1.6 ± 0.31-fold).
Discussion
The intervertebral disc degeneration is one of the prevalent causes of neck and low back pain. Currently, disc degeneration diseases require partial or complete discectomy. The use of biomaterials helps to restore the disc volume after discectomy and prevent loss of disc weight. The association biomaterials-stem cells is one of the most promising approaches in the disc therapy (Richardson et al., 2006; Risbud et al., 2004; Sobajima et al., 2007) . The importance of a biomaterial as carrier of stem cells has previously been shown (Sakai et al., 2006) . For these reasons, we have developed in this study a type II collagen/HA hydrogel as carrier of bone marrow mesenchymal stem cells for intervertebral disc regeneration.
The type II collagen molecule has natural properties of gelation at 37°C. However, after 7 days in culture, complete degradation of the non-cross-linked hydrogel due to the instability of collagen in culture medium is noticed (Sakai et al., 2006) . In order to enhance the stability of the composite hydrogel developed in this study, the chemical agent EDC associated with NHS was used. EDC is known to activate carboxyl groups in aqueous or organic solutions. The activated carboxyl groups are then able to react with hydroxyl or primary amines resulting in ester or amide bonds (Barnes et al., 2007) . The shrinking temperature (T g ) is a measure of the thermal energy required to break the intra-molecular hydrogen bonds that stabilise the collagen triple helix. When this helix is further stabilised by exogenous cross-links, T g can be used as an indirect measure of cross-linking (Nakajima and Ikada, 1995) . During this study, an increase of the T g was observed when the concentration of EDC/NHS increases (Fig. 1 ). Noncross-linked hydrogel has a low T g due to the absence of native collagen fibrils (Pieper et al., 2002) .
In order to characterise the degree of cross-linkage of the different type II collagen/HA hydrogels, swelling ratios were measured. It was determined that one hour was sufficient for these highly porous hydrogels to reach equilibrium. The best swelling ratio is reported to be obtained in 0.4M NaCl aqueous solution at 4°C due to the electrostatic interaction induced by sodium and chloride ions (Taguchi et al., 2002) . Glutaraldehyde and EDC/NHS cross-linked hydrogels had a much lower water uptake indicating a higher degree of cross-linking in these samples (Figure 3) . The high swelling property of these hydrogels seems to be dependent on the porous structure which has an absorbent characteristic (Patel and Amiji, 1996) . With increasing EDC/NHS concentration, a significant decrease in the swelling ratio was detected.
The EDC molecule is toxic for cells at specific doses (Saito et al., 2008) . Based on the optimal swelling properties of the hydrogels, EDC molecules were eliminated. However, a loss of HA due to the swelling properties of the substitute in non-cross-linked and crosslinked scaffolds during washes and tissue culture applications has been reported (Tang et al., 2006) . Ultimately, the addition of HA into this hydrogel is intended to improve structural support and enhanced cell differentiation and proliferation (Nesti et al., 2008) . It consequently was essential to quantify the amount of HA release throughout these steps. The wash steps were performed in the optimal swelling conditions in order to remove all the molecules of EDC/NHS (Gratzer and Lee, 2001) . In culture, these optimal conditions were not L Calderon et al.
Collagen-hyaluronan hydrogel followed (hydrogels were incubated at 37°C without a supplementation of 0.4M NaCl). Therefore, the swelling properties can be expected to be relatively minimal as the release of HA. However, a rate of release of HA can be predicted due to the cell activities and the natural osmotic pressure in the media. Nevertheless, as the IVD is in confinement conditions in vivo; the HA released will be entrapped into the system or the disc. After washing, HA still represents 7% of the hydrogel final composition. This final concentration is sufficient to have a significant impact on the behaviour of cells that are seeded within the hydrogel. The HA concentration was determined according to previous studies which have used various concentrations of HA ranging from 0.01 to 6mg/mL (Kawasaki et al., 1999; Tang and Spector, 2007; Tang et al., 2006) . The aggregating capacity of isolated proteoglycans in vitro was determined by incubating proteoglycans with 2% hyaluronan. Furthermore, it was stated that combining 2% hyaluronan to aggrecan (w/w) resulted in significant macromolecular formation ( Zhu et al., 1996; O'Halloran and Pandit, 2007) . The final concentration of HA present in the hydrogel would be sufficient to allow the formation of aggregates after interaction with aggrecans. Proteoglycans from intervertebral disc as in cartilage bind specifically to hyaluronate to form high-molecular-weight aggregates via a globular domain at the N-terminus of the proteoglycan protein core (Bonnet et al., 1985; Tengblad et al., 1984) . Both contain other 'link-protein' molecules in addition to proteoglycan and hyaluronate. This molecule binds stoichiometrically to each proteoglycan and interacts with hyaluranonate. The link-proteins are an integral part of the aggregate structure forming additional bonds possibly by bridging the proteoglycan molecule and the hyaluronate chain (Bonnet et al., 1985; Hardingham, 1979) . Furthermore, this final concentration is sufficient to have a significant impact on the behaviour of cells that are seeded within the hydrogel (Andhare et al., 2009 ). The release of HA and other extracellular molecules is expected to be minimal (Chiba et al., 1998; O'Halloran and Pandit, 2007) . Aggrecan produced by the cells will likely bind to HA to create aggregates ( O'Halloran and Pandit, 2007; Colombini et al., 2008; ) . These aggregates will allow for the retention of water within the disc and the restoration of the disc function. Their presence would be evaluated by detection the link-proteins by immunochemistry. However, additional studies are required to compare the cellular response to this release and presence of HA.
The rationale for using a hydrogel-based scaffold for disc regeneration is to restore the biomechanical properties of the NP to that of native, non-degenerated NP to support normal disc function (Cloyd et al., 2007) . These biomechanical properties are attributed to the structure of the non-degenerated NP extracellular matrix, i.e. high aggrecan content. The aggrecan macromolecule's constituents (chondroitin and keratan sulphate chains attached to core proteins) ensure the maintenance of tissue hydration through osmotic pressure ( Urban and Roberts, 2003; O'Halloran and Pandit, 2007) . Associated with HA, aggrecan forms large aggregates which allow the high level of water retention (Colombini et al., 2008; Horner et al., 2002) . This characteristic makes the disc a highly hydrated structure (Urban and Roberts, 2003) . The potential for a hydrogel as an NP scaffold is based on its ability to swell (Cloyd et al., 2007) . Furthermore, the retention of glycosaminoglycans (GAGs) in the hydrogels is an important function that previous studies on NP tissue engineering replacements using cell-seeded scaffolds have reported (Alini et al., 2003; Halloran et al., 2008; Stern et al., 2000) . Thus, it was hypothesised that incorporation of HA in the hydrogel under investigation might allow in vivo the formation of these aggregates and, consequently, the retention of water inside the disc.
The degradation of the collagen/HA hydrogels has previously been studied by exposure of the hydrogel to a collagenase solution in order to determine the level of cross-linking of the hydrogels and their stability in order to inhibit enzymatic degradation (Pieper et al., 2002) . Bacterial collagenase has been shown to be more active than eucaryotic degradation (Lecroisey and Keil, 1979) and this enzyme cleaves the three chains of native triple helical type I, II and III collagens after Gly in a particular sequence (Gln/Leu)-Gly#(Ile/Leu)-(Ala/Leu) (# indicates the bond cleaved) located approximately three quarters away from the N-terminus of the collagen molecules (Chung et al., 2007) . Data obtained from in vitro collagenase experiments demonstrate the increased resistance of cross-linked samples to enzymatic degradation (Table 1) . The resistance to degradation may also be due to the retention of the cleaved peptide fragments by the newly formed cross-links (Charulatha and Rajaram, 2003) and the higher cross-linked density that impedes the accessibility of collagenase enzyme molecules within the hydrophilic chemical groups.
These hydrogel degradation results, in combination with the findings observed with infrared spectroscopy and DSC, suggest that EDC/NHS cross-linking improved the stability of the hydrogels. However, the increased level of stability attained was found to be independent of the concentrations of EDC/NHS used.
The challenge for any scaffold used as an NP replacement is to adequately mimic the properties and functionality of the native NP. The task of finding a mechanically comparable replacement scaffold is difficult and must focus on characteristics critical to NP function as it relates to motion segment mechanics (Cloyd et al., 2007) . The confined compression mode was used to examine the stress-strain behaviour of each sample. Although not semi-confined, as is the case in vivo, this mode of mechanical testing was shown to produce the most repeatable results and to be the closest replicate to the in vivo environment (Perie et al., 2005) . The variation in the hydrogels' dimensions under compression loading can be attributed to a combination of the strain in the polymeric network and the release of water from the material structure (Risbud and Bhat, 2001) . The mechanical integrity of the hydrogels indicated that the modulus increased as the degree of theoretical cross-links increased ( Table 2) , demonstrating that the network became more resistant to deformation (Segura et al., 2005) . Values obtained in this study are in agreement with values reported for nucleus L Calderon et al. Collagen-hyaluronan hydrogel pulposus in the literature. A modulus of 5.39 ± 2.56 kPa for the native human nucleus pulposus (Cloyd et al., 2007) has been reported against a modulus comprised between 2.4 ± 0.12 and 10.3 ± 0.40 kPa. A significant constraint in the design of scaffolds for tissue engineering applications is that the porosity of the scaffold allows only a limited diffusion of oxygen and nutrients to the interior of the construct and metabolic waste products cannot be removed efficiently (Lee et al., 2007) .
rMSC activity was observed after 1 and 7-day seeding independent of the cross-linker concentration . A decrease in activity was observed after 7 days of culture whereas the number of cells increased (Fig. 7) . A confluent cell layer was noted by microscopy on the tissue plastic control similar to that seen in the hydrogel group. This phenomenon explains the decrease in the activity, with cells ceasing to proliferate. The homogenous cell distribution between the different cross-linked hydrogels confirmed a homogenous seeding pattern. This homogenous distribution is desirable in a tissue engineering scaffold. Good cell attachment could be observed using the cell proliferation assay. DNA content reflected cell proliferation, specifically the cell numbers in the hydrogel. No significant difference in DNA content was observed between the cross-linked hydrogels (8 and 24mM EDC/ NHS) and the control (tissue culture plastic) after 1 day in culture. No difference in cell attachment rate could be noted between these hydrogels and the control. However, after 24 hours, a lower DNA content was noted for the noncross-linked hydrogel and cross-linked hydrogel with 48mM EDC/NHS. Lower cell attachment was seen in these hydrogels. The non-cross-linked hydrogel were unstable (Table 1) . Consequently, the mesh of this hydrogel was looser, making cell attachment more difficult which explains the lower DNA content. The lowest proliferation level was noted for the 24mM and 48mM cross-linked hydrogels after 7 days of culture (Fig. 8) . This low proliferation can be associated with the decrease of porosity noted after the increase in cross-linker concentration (for the cross-linked hydrogels; 8, 24 and 48mM -161μm, 93μm and 78μm respectively). Pore size has been shown to control the rate and depth of cellular ingrowth in vivo. When the pore size increases, a higher cell proliferation is noted (Zeltinger et al., 2001) . While carrying out this experiment, contraction of the 24mM and 48mM crosslinked hydrogels was also noted. Less surface and space was available for the cells for proliferation and attachment. Consequently, the surface/space available for cell growth and proliferation was occupied and cell confluence was reached more quickly for hydrogels cross-linked with 48mM of EDC/NHS (Fig. 8) .
Water content of the disc is an important criteria in the IVD integrity in order for the disc to maintain its mechanical properties (Wuertz et al., 2007) . A healthy disc is highly hydrated. During the degeneration process, a loss of water occurs by the deterioration of the ECM composition (Adams and Roughley, 2006; Urban, 2002) . No differences were noted between hydration levels in the different cross-linked hydrogels during the physicochemical characterisation studies. The hydrogel cross-linked by 8mM of EDC showed the most promising results as a NP tissue substitute, based on the maintenance of high swellability, enhanced rMSCs proliferation and improved stability in culture.
Although the origin of the NP cells is still not clear, they are described as chondrocyte-like cells (Roberts et al., 2006) . NP cell differentiation is still not fully understood but is under investigation (Lu et al., 2008; Sobajima et al., 2007) . Hence a more established chondrogenic differentiation medium was used to lead toward a chondrogenic differentiation process. A chondrogenic differentiation into the optimal hydrogel (1mM) was performed to prove the capability of the hydrogels to support stem cells differentiation into a chondrogenic lineage. Two different pools of cells extracted from two different animals were used in this study. It has been underlined in the literature the interindividual variations of response of bone marrow mesenchymal stem cells to the differentiation stem cells differentiation process (Estes et al., 2010; Siddappa et al., 2007) . The same trend for both animals was observed despite the high variation of the standard deviation with statistical differences between the samples. A high level of type II collagen mRNA expression (59.1 ± 8.93-fold higher compared to monolayer non induced cells) was observed in presence of differentiation medium showing the formation of a neo-matrix. This increase was lower compared to the mRNA expression of type II collagen when cells were cultured in pellet (519.3 ± 71.04-fold for pellet culture, 59.1 ± 8.87-fold for the hydrogel). We speculate that the lower expression of type II collagen was due to the presence of a type II collagen constituent of the scaffold. It has been shown that the environment of differentiation was an important feature for the differentiation of the rMSCs and the behaviour of the cells (Sundelacruz and Kaplan, 2009) . A regulation of the production of type II collagen occurred during the differentiation process. However, neo-matrix of type II collagen was produced. Type I collagen mRNA expression was maintained low when cells were cultured into the hydrogel in presence and absence of differentiation medium as for the culture in pellet. However, despite a high type II collagen expression (54.1 ± 8.93-fold higher) when cells were cultured in monolayer, type I collagen expression was noted as high (11.3 ± 2.92-fold higher) indicating the formation of a fibro-cartilage rather a hyaline cartilage (Pelttari et al., 2008) . Furthermore, a low aggrecan mRNA level was observed whereas a significant increase was noted after culture into the hydrogel. A 5-fold higher expression of proteoglycans into the hydrogel was observed (84.8 ± 5.54 after culture within the hydrogel, 16.8 ± 4.4 after culture in pellet) indicating that the hydrogel enhances the production of proteoglycans. This phenomenon can be attributed to the presence of HA (Tang and Spector, 2007) and to the three dimensional structure which promotes the differentiation of the stem cells into chondrocyte-like cells (Gaissmaier et al., 2005) . The structure and composition of the hydrogel present allows for mesenchymal stem cells to differentiate into a chondrogenic lineage as shown in this study as indicated L Calderon et al. Collagen-hyaluronan hydrogel by the high level of type II collagen and aggrecan mRNA expression. This high expression of aggrecan into the hydrogel in presence of differentiation medium and the capacity of the hydrogel to support the chondrogenic differentiation is promising for the use of this hydrogel for NP cell differentiation. The structure and composition of the hydrogel present allows for mesenchymal stem cells to differentiate into a chondrogenic lineage as shown in this study as indicated by the high level of type II collagen and aggrecan mRNA expression. This high expression of aggrecan into the hydrogel in presence of differentiation medium and the capacity of the hydrogel to support the chondrogenic differentiation is promising for the use of this hydrogel for NP cells differentiation.
Conclusion
With an overall goal of repairing the NP of degenerated IVDs, the specific aim of this study focused on enhancing the properties of a type II collagen/HA hydrogel via crosslinking with EDC/NHS in order to develop a stable biomimetic hydrogel carrier suitable for supporting rMSC growth and proliferation. Based on mechanical and chemical analysis, the 48mM EDC/NHS cross-linked hydrogel demonstrated the most resistance to degradation and the highest elastic modulus. However, independent of the concentration of cross-linker used, all the hydrogels showed porosity sufficient for cell proliferation, a high resistance to collagenase degradation, a high elastic modulus and adequate support of cell growth, proliferation and differentiation into a chondrogenic lineage.
The growth and proliferation of cells was a critical criteria used to determine the optimal properties of the EDC/NHS cross-linked collagen type II/HA hydrogel required for cell seeding. The hydrogel cross-linked with the lower concentration of EDC (8mM) presents optimal swellability properties, cell proliferation and improved integrity during culture of this hydrogel. Consequently, this hydrogel seems a good candidate for a potential therapeutic target to the regeneration of the NP. The next step in this research is to determine the association of this hydrogel in a co-culture system of NP cells and MSCs in order observe a potential differentiation into a NP cell-like lineage of MSCs (Richardson et al., 2008; Richardson et al., 2006; Risbud et al., 2004) and subsequently an in vivo study in order to investigate the stem cell fate in vivo within this hydrogel.
